Purpose: Magneto-endosymbionts (MEs) show promise as living magnetic resonance imaging (MRI) contrast agents for in vivo cell tracking. Here we characterize the biomedical imaging properties of ME contrast agents, in vitro and in vivo. Procedures: By adapting and engineering magnetotactic bacteria to the intracellular niche, we are creating magneto-endosymbionts (MEs) that offer advantages relative to passive iron-based contrast agents (superparamagnetic iron oxides, SPIOs) for cell tracking. This work presents a biomedical imaging characterization of MEs including: MRI transverse relaxivity (r 2 ) for MEs and ME-labeled cells (compared to a commercially available iron oxide nanoparticle); microscopic validation of labeling efficiency and subcellular locations; and in vivo imaging of a MDA-MB-231BR (231BR) human breast cancer cells in a mouse brain. Results: At 7T, r 2 relaxivity of bare MEs was higher (250 s −1 mM −1 ) than that of conventional SPIO (178 s
Introduction
Superparamagnetic iron oxide (SPIO) contrast agents have been used for decades to track cells with magnetic resonance imaging (MRI) [1, 2] . MRI is the modality of choice for cell tracking due to its non-invasive nature, 3D imaging capabilities and full anatomic access, but requires addition of a contrast agent to discriminate transplanted from resident cells in tissue [3] . Previous work has shown that it is possible to achieve in vivo single cell detection and visualization of cells labeled with SPIOs using MRI [4] . Using this extreme sensitivity, MRI has enabled the tracking of metastases originating from single cells [5] . MRI has also been used to track cell migration to direct cell therapies for different diseases, including dendritic and cytotoxic T cell therapies used for treatment of cancer [6] .
SPIO particles used for cell tracking span a wide range of sizes and coatings [7] ; however, in all cases they are static, passive, synthetic particles with a small number of iron oxide crystals at the core (in some cases, a single crystal). SPIO-based cell tracking agents have a few limitations that have prevented more widespread usage. In vivo, through apoptosis or exocytosis, SPIOs can label tissue or phagocytic cell types resulting in false positive signals not representative of the target cells; in other words, SPIOs lack live cell specificity [8] . In rapidly dividing cell types, the concentration decreases as cells divide, leading to eventual loss of signal which limits longitudinal studies.
Reporter gene approaches utilize a signal-generating mechanism such as a protein (i.e., the reporter) that overcomes dilution issues and typically only produces signal when the cells are viable. As cells proliferate, the genes continue to express the reporter, resulting in a persistent cell tracking capability. Furthermore, a reduction in signal indicates reduced viability while absence of signal indicates cell death. Reporter genes have been used extensively for optical (both fluorescence and bioluminescence) and positron emission tomography (PET) molecular imaging [9, 10] ; however, use of optical cell tracking techniques can be limited in larger animals due to tissue penetration restrictions and genetic engineering requirements, and are thus not easily translated to human uses. PET and single-photon emission computed tomography (SPECT) are quite sensitive and do not have penetration limitations; however, the requirement for radioactivity raises safety requirements, increases costs, and has limited widespread use, especially for longitudinal studies [11] . Additionally, PET and SPECT have limited spatial resolution and radionuclide decay makes long-term cell tracking studies more challenging.
Several groups have developed MR reporter genes aiming to increase intrinsic iron uptake in cells under genetic control [12] [13] [14] ; however, only limited success has been demonstrated to date, likely due to the intrinsic complexity of magnetic phenotypes in nature. Research into iron-based MR reporter genes has primarily focused on two main types: (1) overexpression of ferritin, transferrin, or other iron storage or transport genes [12, [15] [16] [17] [18] [19] , and (2) expression of genes originating from magnetotactic bacteria [20] [21] [22] . While both types of reporter genes have seen some success in animal models, widespread adoption remains elusive. These difficulties stem from the inability to generate sufficient quantities of iron loading per cell leading to poor contrast and inability to detect small numbers of cells.
As mentioned above, magnetotactic bacteria have been identified as a potential source for transgenes, and this has been an active research area. These bacteria coordinate over 100 genes to generate magnetosomes (multiple magnetite particles arranged in linear chain-like structures, with each magnetite particle encapsulated within a lipid bilayer) that generate the magnetic phenotype. Because of the large number of genes necessary, classic genetic approaches may be insufficient to transfer this phenotype from prokaryotic to eukaryotic systems [23] . Simpler MR reporters based on one or two magnetotactic bacterial genes have been proposed but have not met with much success.
An alternative which our group is pursuing [24] follows the endosymbiotic theory of organelle biogenesis and uses the entire magnetotactic bacterium as the cell tracking agent. Aside from producing strong MR contrast changes due to their magnetosomal content, magnetotactic bacteria have the potential to self-replicate, making them interesting candidates for longitudinal studies. Synchronized propagation within host cells as in the case of the endosymbiotic organelles (mitochondria, plastids, etc.) is the ultimate goal and recent studies demonstrated feasibility of this [25] . Even without synchronization, MEs present a significant advantage over traditional contrast agents for in vivo cell tracking. Upon host cell death, conventional SPIOs are often taken up by other cell types, resulting in false positives [8, [26] [27] [28] [29] [30] , whereas we have found that the signal from magnetotactic bacterial constructs loaded into mammalian cells is more completely and rapidly cleared upon cell death [24] .
The application of magnetotactic bacteria as MR contrast agents has been reported [31] ; in this case, Magnetospirillum magneticum strain AMB-1 bacteria were directly injected intravenously. Owing to their anaerobic or microaerophilic nature, these bacteria preferentially migrate to hypoxic tumors [31] . This prior literature provides proof-ofprinciple that magnetotactic bacteria can be effective as MR contrast agents. Here, we propose a safer use of these bacteria, by labeling mammalian cell populations with whole magnetotactic bacteria in vitro, injecting or implanting these mammalian cells, and then following these cells in vivo by MRI. Once bacteria are taken up into mammalian cells, we refer to them generically as magneto-endosymbionts or MEs. Owing to their intracellular compartmentalization, MEs have reduced contact with the recipient animal system, making their use safe for preclinical studies and classified as biosafety level 1 [24] .
In this work, we define various preclinical biomedical imaging properties of MEs, dissect the subcellular processing post labeling, and show their potential as novel MR contrast agents for direct cell labeling and tracking. We measured the MR transverse relaxivity (r 2 ) behavior of bare MEs, cell loading efficiency, and MR relaxivity of loaded cells, in comparison to a commercially available SPIO, Molday ION. In addition, we probed the detection sensitivity of ME-labeled cells in a mouse model by direct intracranial injections followed by in vivo and postmortem imaging.
Materials and Methods

ME Preparation
MEs (trade name Magnelles®), were obtained from Bell Biosystems, Inc. (San Francisco, CA) and handled per manufacturer guidelines.
Eukaryotic Cell Labeling
As a representative mammalian cell, commonly used in other cell tracking literature, we used MDA-MB-231BR, a human breast adenocarcinoma cell line that preferentially metastasizes in the brains of intra-cardiac injected mice. The 231BR cell line was maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10 % FBS and 1 % penicillin/streptomycin at 37°C and 5 % CO 2 . The cells were labeled with either MEs (Bell Biosystems, Inc. San Francisco, CA), or Molday ION Rhodamine B SPIO particles (BioPAL, Worcester, MA). ME-labeling was conducted according to manufacturer-provided guidelines; however, concentrations of up to 10,000 MPC (MEs per cell) were used in some cases [24] . For Molday labeling, cells were incubated with 25 μg/ml of the iron nanoparticles for approximately 18 h. All labeled cells were washed three times with 1X PBS prior to characterization or in vivo imaging. Cell viability was assessed using Trypan blue staining, and labeling efficiency was assessed using confocal microscopy.
Microscopy
For confocal microscopy, cells were grown overnight on poly-L-lysine coated coverslips. MEs were visualized by fluorescence microscopy using an ME-specific antibody to cell surface proteins [32] , and an anti-rabbit Alexa 546 secondary antibody (Invitrogen). Molday particles come tagged with a Rhodamine B fluorescent marker by the manufacturer. Cells were also stained with DAPI and phalloidin (633 nm, Invitrogen) for improved intracellular localization of MEs or Molday particles. Confocal microscopy was performed on a Zeiss LSM710 Imager (Carl Zeiss Canada Ltd., Canada).
Iron Characterization
Both ME and ME-labeled mammalian cell iron loading levels were measured using inductively coupled plasma optical emission spectrometry (ICP-OES). To prepare samples for ICP-OES, 750 μl of concentrated nitric acid was added to samples for digestion of organic material.
Samples were transferred to glass tubes and kept overnight in a hot oil bath at~130°C. Samples were then diluted with 2 % nitric acid and iron measurements were made with a Thermo ICAP 6300 Duo View Spectrometer (Thermo Fisher Scientific, Waltham MA).
MTS Assay
Cell proliferation was measured using the MTS (3(4,5-dimethylthiazol-2-yl)-5(3-car-boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) proliferation assay (CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay; Promega, Madison, Wisconsin) according to the manufacturer's instructions. 5 × 10 4 , 1 × 10 5 , or 2 × 10 5 ME-labeled or unlabeled cells were seeded in 100 μl of media in triplicate in individual wells of a flat-bottom 96-well plate. Cells were incubated overnight at 37°C with 5 % CO 2 . The MTS dye was added directly to the cell culture media and incubated for 1 h at 37°C and the absorbance was then measured at 490 nm.
Sample Preparation
For characterization of relaxivity properties, all samples were prepared by suspending various concentrations of MEs, Molday particles or labeled cells in 200 μl of Matrigel (Corning, Tewksbury MA). These samples were stored in mini-PCR tubes for imaging on a 7T MRI scanner. All samples were vortexed and quickly set in a 37°C water bath to ensure homogeneous distribution of particles within the Matrigel.
MR Relaxation Characterization r2 relaxivity was measured for both MEs and Molday particles as well as labeled 231BR cells, at a field strength of 7T. These measurements were acquired using a GE Discovery MR950 7T MRI system (General Electric Healthcare, Waukesha, WI). A single-channel receive-only coil was used around the sample, with excitation performed by a larger transmit-only volume coil that produced uniform radiofrequency excitation of the small sample. T 2 measurements were made using a 16-echo spin-echo sequence with TR = 3000 ms and echo spacing =6.6 ms. T 2 relaxation times were derived on a voxel-by-voxel basis by singleexponential non-linear least squares fitting using Matlab (The Mathworks, Natick, MA); mean T 2 values for the sample were then derived from the resulting T 2 map by averaging voxels within a central cross-section through the sample tube.
Relaxation times were converted to relaxation rates, e.g., R 2 = 1/T 2 . Relaxivity (r 2 ) was calculated as the slope of the linear relationship between R 2 and total iron concentration as determined by ICP-OES. We report relaxivities using ICP-OES-measured total iron to be consistent with prior literature; however, it should be noted that this underestimates ME relaxivity, because there is a substantial amount of iron present throughout the bacteria that is not in magnetosomal form, and does not produce MRI contrast. This issue is discussed in greater detail elsewhere. All data are displayed as mean ± standard error.
Animal Model
A total of four female foxn1 Nu/nu mice, 6-8 weeks old (Charles River Laboratories, Wilmington, MA, USA) were used and cared for in accordance to the guidelines of both the National Institutes of Health and Stanford University.
To evaluate the ability of MRI to detect small numbers of labeled cells, an intracranial injection model with decreasing numbers of cells was used. Cells were injected via direct intracranial injection. Mice were anesthetized and a small portion of the skull was removed slightly over the midline. For one mouse each, either 10 2 or 10 3 ME-labeled cells were suspended in 5 μl of Matrigel and injected into the cerebral cortex just right of midline, with the same number of unlabeled cells being injected into the contralateral cortex as negative controls. Additionally, 10
2 Molday-labeled cells were injected into one mouse as a positive control. Bone glue was used to patch the hole in the skull to prevent leakage of cells. Mice were immediately imaged in vivo using MRI, and were sacrificed immediately following MRI. These experiments were intended as pilot experiments to bracket the range of ME-labeled cells that could be detected, and not intended for statistical analysis; for this reason, single animals were used.
In Vivo Imaging
All in vivo MRI imaging was performed on a 7T GEAgilent Discovery MR901 MRI system (General Electric Healthcare, Waukesha, WI). Mice were imaged using an optimized 3D SPGR gradient-echo sequence. Imaging parameters for the SPGR sequence were: 150 μm isotropic resolution, TR/TE = 30/3.7 ms, flip angle =20°, and four averages. All images were viewed and analyzed using the OsiriX software package [33] . Further image analysis was performed for the mice receiving 10 2 and 10 3 labeled cells. Using RView software [34] , ROIs were drawn on the control side (where injected cells contained no iron, such that the hypointensity was due only to the needle track) and on the labeled cell side (where injected cells contained iron label, such that hypointensity was due to both iron and the needle track). We then calculated the minimum signal intensity within each hypointense region, and computed the percent signal intensity decrease on the labeled cell side compared to the unlabeled cell side, for each labeled cell type. Comparison of signal intensity between labeled and control cell injections was deemed to be a more direct and reliable method to measure the effect of the ME-and Molday-loaded cells versus using correlative histology, which is particularly challenging in the case of such small numbers of injected cells.
Statistical Analysis
A one-way analysis of variance (ANOVA) was performed to test for statistically significant differences using the SPSS statistics software package (IBM Corp., Armonk, NY); p G 0.05 was considered to be significant.
Results
Characterization of ME-Labeled Cells In Vitro
The ability of MEs to be taken up in sufficient quantities by eukaryotic 231BR cancer cells was initially verified using immunocytochemistry (Fig. 1a, b) . Confocal microscopy images demonstrated that MEs were present inside labeled cells, and in some cases it was possible to visualize the spiral shape of individual MEs within a cell. Both MEs and Molday appeared to be clustered in the perinuclear region of the cell.
Labeling cells with MEs and Molday particles did not appear to affect cellular viability, with both types of labeled 231BR cells exhibiting 990 % viability via Trypan blue exclusion, consistent with other experiences with ME or Molday labeling [24, 35, 36 ]. An MTS assay was used to assess cellular proliferation of ME-labeled 231BR cells, and no changes in proliferation were observed due to the presence of MEs (Fig. 2) .
Total iron load per ME (as quantified by ICP-OES) was found to be in the range of 10 fg Fe/ME. The average cell loading for Molday was 6.6 pg/cell, with standard deviation 2.7 pg/cell. The average cell loading for MEs was 4.1 pg/ cell, with standard deviation 0.8 pg/cell. These total iron values were used for relaxivity calculations.
Transverse (r 2 ) relaxivity measurements for MEs and Molday particles were found to be 250.2 ± 9.0 s −1 mM −1 for bare MEs in Matrigel, relative to 177.9 ± 2.2 s −1 mM −1 for bare Molday particles in Matrigel (Fig. 3a) ; the higher value of r 2 for MEs compared to Molday was statistically significant (p G 0.01). In Fig. 3b , r 2 relaxivities for MEand Molday-labeled 231BR cells are shown. As a result of cell compartmentalization, r 2 relaxivity decreased substantially compared to the corresponding bare particles. r 2 values for ME-and Molday-labeled 231BR cells were 35.4 ± 0.5 s −1 mM −1 and 61.9 ± 1.0 s −1 mM −1 , respectively. In this case, the lower value of r 2 for ME-labeled compared to Moldaylabeled cells was statistically significantly (p G 0.01).
Characterization of ME-Labeled Cells In Vivo
ME-labeled cell injections of 10 3 and 10 2 cells, as well as the Molday-labeled cell injection of 10 2 cells, were detectable in vivo at 7T (Fig. 4) . The injection of 10 3 MElabeled cells caused an 86 % reduction in signal intensity compared to that produced by the injection of unlabeled cells. The injection of 10 2 ME-labeled cells caused a 32 % reduction in signal intensity compared to control injection; by comparison, the injection of 10 2 Molday-labeled cells caused an 18 % drop in normalized signal intensity compared to control injection. We conclude from these results that ME-labeling produces a similar detectability as Molday labeling, and that the threshold of detectability for ME-labeled cells is definitely less than 1000 cells and possibly less than 100 cells.
Discussion
In this study, MEs were validated as a preclinical MRI contrast agent for cell labeling and tracking. We measured and compared r 2 relaxivity values for MEs and commercially available Molday ION Rhodamine B, a conventional SPIO MR contrast agent.
Similar to most other conventional SPIO contrast agents, Molday particles consist of iron oxide cores surrounded by an organic coating (total hydrodynamic size 35 nm). However, MEs consist of multiple magnetite particles, each of diameter 930 nm, arranged typically in linear chain-like structures. Each magnetite particle is encapsulated within a lipid bilayer (constituting the magnetosome), which is further encapsulated within the bacterial cell itself (see [32] for representative transmission electron microscopy images).
Transverse relaxivity (r 2 ) is the most relevant parameter for characterizing iron-based cell tracking agents, since most research studies use either T 2 or T 2 * weighted contrast for in vivo imaging. We found that r 2 values for bare MEs were significantly higher than those of Molday particles, indicating that MEs are intrinsically very strong MR contrast agents. Our measured r 2 relaxivity for MEs (250 s
at 7T) is consistent with work by Meriaux et al. [37] , who found the r 2 relaxivity of purified AMB-1 magnetosomes to be 489 s −1 mM −1 at 17.2T (a higher r 2 value for purified magnetosomes is expected as some level of bacterial cell compartmentalization has been eliminated). Our measured r 2 relaxivity for Molday particles of 178 s −1 mM −1 is in line with previous observations [37, 38] . The increased r 2 relaxivity for MEs compared to Molday particles is likely due to the differences in size, shape, crystal structure, and coating of magnetosomes in comparison to Molday. It should be noted that the measured r 2 relaxivity of iron oxide particles depends on the echo spacing used in the multi-echo spin-echo pulse sequence [39, 40] , and this echo spacing has not been well standardized in the Fig. 3 . Comparison of ME and Molday transverse relaxivities of both bare particles in Matrigel and labeled MDA-MB-231BR cells in Matrigel. a r 2 relaxivity of MEs and Molday alone and b ME and Molday-labeled MDA-MB-231BR cells at 7T. Measurements were made using a 16-echo spin-echo sequence with TR = 3000 ms and echo spacing = 6.6 ms and mean T 2 values for the sample were then derived from the resulting T 2 map by averaging voxels within a central cross-section through the sample tube. Relaxation times were converted to relaxation rates (plotted), and normalized to iron concentration. (A single asterisk indicates statistical significance of p G 0.01). literature. We used 6.6 ms for our 7T measurements, which was close to that used by Meriaux et al.; on the other hand, other publications have used echo spacing values as high as 24 ms [38] .
Because of the biological nature of MEs, there is a substantial amount of naturally occurring iron within bacterial cells apart from that found in magnetosomes; however, only the magnetosomal iron generates MRI contrast. Therefore, any measure of total iron (e.g., from ICP-OES) will not accurately represent the contrast producing iron in MEs. In this paper, we calculated relaxivity by dividing the relaxation rate by total iron concentration, in keeping with literature convention; however, the contrast producing magnetosomes within MEs only make up approximately 30 % of the total iron [32] . So, by normalizing to a higher amount of iron we are in fact underestimating the relaxivity of MEs.
In addition to characterizing the r 2 relaxivity of MEs, we evaluated the ability to load eukaryotic cells with MEs, confirming iron loading levels using ICP-OES. These results indicate sufficient relaxivity and loading levels for MRI detection. The ME-labeling protocol was first optimized to maximize relaxivity per eukaryotic cell (cell R 2 ), which is the property most directly linked to MRI-based detection limits. For 231BR cells, the final optimized protocol was a ratio of 8500 MEs per cell (MPC) and an incubation time of~18 h. The MPC of 8500 was selected because this was the highest ratio that did not produce observable toxicity or adverse changes to cells. The 18 h incubation was optimal logistically, however shorter incubations are possible. Incubations as short as 1.5 h have been used, producing similar though inferior cell tagging efficiency (data not shown).
The MTS assay indicated that labeling cells with MEs did not affect cell viability or proliferation. Confocal fluorescent images (as seen in Fig. 1 ) demonstrate intracellular localization of MEs within 231BR cells. The MEs appear to be clustered in the perinuclear region of cells, similar to Molday particles. While some individual MEs with the typical spiral shape are visible in these images, many appear to be in a more spherical morphology. This could arise for at least three reasons: the ME are not coplanar with the field of view, the MEs are stressed (which can result in a cocci shape) [41] , or the MEs may be contained within a vesicle (i.e., endosomes), as is the case for Molday particles.
We found that the r 2 relaxivity for ME-labeled cells (35 s −1 mM ), corresponding to a reduction of~86 %. This was a larger percent drop than exhibited by Molday-labeled cells, whose relaxivity of 62 s −1 mM −1 corresponded to a drop of~65 % compared to 178 s −1 mM −1 measured for Molday alone. The larger percent decrease in relaxivity for ME-labeled cells may be due to the additional layers of compartmentalization for MEs relative to Molday, which is expected to cause a larger restriction of water access to the iron cores. Reductions of r 2 relaxivity upon cellular compartmentalization by similarly high percentages has been reported in prior literature [38] . Again by normalizing to total iron, we are also overestimating the contrast producing iron fraction and getting a lower r2.
Based on the drop in r 2 relaxivity seen in labeled cells compared to bare particles, we can surmise that both MEs and Molday-labeled cells are in the static dephasing regime (see [42, 43] for discussion of this theory and its application to iron-loaded cells). By the same static dephasing regime theory, this decrease in r 2 relaxivity should be accompanied by an increase in r 2 * relaxivity upon cellular compartmentalization, resulting in an increase in T 2 * contrast in appropriately weighted images.
In addition to in vitro characterization, we also evaluated the MEs by characterizing their detection sensitivity in vivo to determine their utility for cell tracking. We attempted to bracket the range of cell detectability by directly injecting two different numbers of labeled cells into the brain-100 and 1000-(with an equal number of unlabeled cells placed contralaterally as a control). As seen in Fig. 4 as well as the quantitative measurements of relative signal intensity drop, as few as 100 ME-labeled cells were detectable using a T 2 * weighted spoiled gradient-echo pulse sequence at 7T; this detectability was similar to that seen for Molday-labeled cells. This demonstrated that, despite the decreased r 2 compared to Molday-labeled cells, there was still a significant amount of T 2 * contrast (as predicted by static dephasing regime theory), allowing even a small number of ME-labeled cells to generate sufficient contrast for detection. These results provide preliminary evidence for comparable detection sensitivity for ME-labeled cells compared to Molday-labeled cells. More extensive experiments that are beyond the scope of this proof-of-concept study will be necessary to characterize the limit of detectability for ME-labeled cells in greater detail.
One key area that will require additional development is the replication of the ME within the host cell. The elucidation of the longer term longitudinal fate of MEs inside cells is still a work in progress. It is known that MEs are digested through the autophagy pathway [32] . However using ME-labeled cardiomyocytes which do not divide, injected into the myocardium of mice, labeled cells could be detected for up to 14 days [24] ; indicating that the contrast producing magnetosome is stable after ME digestion. In cells capable of dividing, such as cancer cells, magnetosomes will dilute over time and cells will eventually drop below the detection threshold. MEs have been shown to reproduce and transfer themselves to progeny cells using a direct cytosolic introduction approach and a cell type where autophagy is suppressed [32] . However, in typical cell types where autophagy is active, ME tracking agents are eventually degraded through the autophagocytosis pathway [32] . Further elucidation of autophagy in relation to MEs symbiosis is underway, and will include the study of mechanisms employed by natural intracellular prokaryotes.
Finally, in terms of safety and translatability, while the agent itself represents a living bacteria, previous studies have demonstrated that even intravenous injection of large numbers of magnetotactic bacteria (10 9 ) alone do not show signs of organ toxicity or an immune response in immune-competent rats [24] . The intracellular fate of MEs is addressed in [32] in the short-time range, whereas a recent publication by Mahmoudi et al. shows data on the intracellular fate of MEs for up to 14 days in non-dividing cells [24] . The latter publications contains additional data on safety and toxicity, and [32] discusses the process of autophagy that is the principal cause of ME digestion as well as the retention of magnetosomes after autophagy. This data is encouraging with regard to the possible translational impact of this platform, especially when considering that the MEs are further shielded from the injected host's immune system as a result of their being loading into cells prior to injection for cell tracking applications. Additional experiments to assess the host immune response to MElabeled cells, and to investigate the influence of chemo or radiation therapy on the fate of this novel living contrast agent, are planned. In summary, we believe that MEs will be a useful preclinical tool for the investigation of both fundamental biological mechanisms and diseases.
Conclusion
Our studies show that MEs have potential for use as novel magnetite-based MR contrast agents for cell tracking. MEs demonstrate r 2 relaxivity values comparable to traditional iron oxide nanoparticle contrast agents, and demonstrate strong MR contrast when loaded into cells. As few as 100 ME-labeled 231BR cells could be detected in vivo using a commonly available 7T MRI protocol, demonstrating that MEs could be used for a wide range of cell tracking needs. Further exploration and characterization of the relaxivity properties of MEs and their longer term behavior in cells, could help direct the optimization and application of this novel class of MRI cell-labeling probe.
